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Summary

¢ Receptor-like protein kinases (RLKs) play key roles in regulating plant growth, development
and stress adaptations. There are at least 610 RLKs (including receptor-like cytoplasmic
kinases) in Arabidopsis. The functions of the majority of RLKs have not yet been determined.

e We previously generated promoter::GUS transgenic plants for all leucine-rich repeat (LRR)-
RLKs in Arabidopsis and analyzed their expression patterns during various developmental
stages. We found the expression of two LRR-RLKSs, MUSTACHES (MUS) and MUSTACHES-
LIKE (MUL), are overlapped in lateral root primordia. Independent mutants, mus-3 mul-7 and
mus-4 mul-2, show a significantly decreased emerged lateral root phenotype.

e Our analyses indicate that the defects of the double mutant occur mainly at stage | of lateral
root development. Exogenous application of auxin can dramatically enhance the transcription
of MUS, which is largely dependent on AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19.
MUS and MUL are inactive kinases in vitro but are phosphorylated in planta, possibly by an
unknown kinase. The kinase activity of MUS is dispensable for its function in lateral root
development. Many cell wall related genes are down regulated in mus-3 mul-1.

e In conclusion, we identified MUS and MUL, two kinase-inactive RLKs, in controlling the
early development of lateral root primordia likely via regulating cell wall synthesis and remod-

eling.

Introduction

Plant growth, development, and adaptation to various stresses
largely rely on cell-to-cell and cell-to-environment communica-
tions. Roots are important organs anchoring plants in soil and
directly sensing signals from their surrounding environments.
Roots also absorb water and nutrients from soil to provide funda-
mental compounds to plants for survival (Bellini ez 2/, 2014).
Dicotyledonous plants mainly possess a taproot system, consist-
ing of a primary root and numerous lateral roots. Lateral roots,
including their number, length and distribution, play a key role
in determining the entire architecture of a root system, directly
associating with its biological functions (Lynch, 1995). Initiation
and development of lateral root are regulated by both internal
and external signals (Malamy, 2005). Molecular mechanisms
controlling lateral root development, however, are poorly under-
stood.

In model plant Arabidopsis, transverse section of a primary
root exhibits a pattern organized in concentric layers, consisting
of epidermis, cortex, endodermis, pericycle, and vascular tissues
from outside to inside (Dolan et 4/, 1993; Verbelen et al., 20006).
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The pericycle contains two different types of cells, phloem-pole-
pericycle cells and xylem-pole-pericycle (XPP) cells (Mahonen
et al., 2006; Parizot et al., 2008). Differentiated XPP cells have
the ability to re-initiate cell division, the first step of lateral root
development, and these XPP cells are named lateral root founder
cells (Casimiro ez al., 2003). Lateral root organogenesis can be
divided into four steps, lateral root positioning, lateral root initia-
tion, lateral root primordium development and lateral root pri-
mordium emergence (Du & Scheres, 2018). Lateral root
positioning determines the spatial arrangement of lateral roots
along a primary root (Van Norman e al., 2013). Lateral roots
initiate from regularly spaced lateral root founder cells, undergo-
ing the first asymmetric cell division (Dubrovsky ez al., 2000).
Lateral root primordium development can be artificially classified
into eight different stages, stages [-VIIL. A new meristem is grad-
ually established through lateral root primordium cell division,
differentiation and growth (Malamy & Benfey, 1997; Benkovd
& Bielach, 2010). As the lateral root primordia develops, it
emerges from the primary root by crossing the overlying endo-
dermis, cortex and epidermis (Kumpf ez 4/, 2013; Vilches-Barro
& Maizel, 2015).
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Cell-to-cell and cell-to-environment communications are criti-
cal during lateral root development. Receptor-like protein kinases
(RLKs) are a group of transmembrane proteins playing signifi-
cant roles in these communications (Walker & Zhang, 1990).
RLKs contain an extracellular domain mainly involved in per-
ceiving small molecules from adjacent cells or from the surround-
single-pass
anchoring the protein to the plasma membrane, and a cytoplas-

ing environment, a transmembrane domain
mic kinase domain responsible for transducing an extracellular
signal to a cellular signaling cascade predominantly via protein
phosphorylation and dephosphorylation (Shiu & Bleecker,
2001). There are at least 610 RLKs and receptor-like cytoplasmic
kinases (RLCKs) in the model plant Arabidopsis (Shiu &
Bleecker, 2001). Based on the composition of the extracellular
domain, Arabidopsis RLKs can be grouped into more than 21
subfamilies, in which leucine-rich repeat (LRR)-RLKSs belong to
the most abundant subfamily. There are at least 223 LRR-RLKSs
in Arabidopsis (Shiu & Bleecker, 2001; Gou et al., 2010; Wu
et al., 2016). Generally, RLKs play fundamental roles in regulat-
ing both plant development and defense (Li & Tax, 2013). Func-
tional characterization of receptor kinases has become one of the
frontiers in plant biology. Up to date, only a small fraction of
RLKs has been functionally defined, and the majority of them
still need to be functionally characterized.

It has been reported that several RLKs regulate lateral root
growth, development, and adaptations to various adverse envi-
ronments. For example, Arabidopsis CRINKLY4 (ACR4) is
involved in controlling the division of lateral root founder cells
during lateral root initiation and lateral root primordium devel-
opment at stage I (Gifford ez al., 2005; De Smet ez al., 2008).
HAESA (HAE), HAESA-LIKE 2 (HSL2), and their peptide
ligand INFLORESCENCE DEFICIENT IN ABSCISSION
(IDA) play important functions in controlling cell separation
during lateral root emergence (Kumpf ez al, 2013). Under
heterogeneous nitrogen conditions, CEP RECEPTOR 1
(CEPR1) and CEPR2 can perceive C-TERMINALLY
ENCODED PEPTIDE 1 (CEP1), which can be transported
through roots and shoots, and ultimately promote the growth of
lateral roots where there are sufficient nitrogen sources, and
dampen the growth under nutrient-poor conditions (Tabata
et al., 2014; Ohkubo e al., 2017). This strategy helps plants to
coordinate regulation and adapt to the heterogeneity of the soil
environment by controlling lateral root growth (Bisseling &
Scheres, 2014; Dimitrov & Tax, 2018). When nitrogen is defi-
cient, CLAVATA 3/EMBRYO SURROUNDING REGION
(CLE) 1, CLE3, CLE4 and CLE7 can be synthesized and
secreted in the pericycle layer, which are perceived by CLAVATA
1 (CLV1) in the adjacent phloem cells, inhibiting lateral root for-
mation (Araya er al., 2014). ROOT MERISTEM GROWTH
FACTOR 1 (RGF1) can reduce the lateral root numbers of
Columbia-0 (Col-0). Lateral roots of a quadruple mutant
rgil,2,3,4 of the RGF1 receptors, RGF1 INSENSITIVES
(RGIs), cannot be inhibited by RGF1 (Ou ez al,, 2016). In addi-
tion, TRACHEARY ELEMENT  DIFFEENTIATION
INHIBITORY FACTOR (TDIF) and its receptor PHLOEM
INTERCALATED WITH XYLEM (PXY) with

interact
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BRASSINOSTEROID-INSENSITIVE2 (BIN2) in pericycle
and regulate lateral root development by promoting auxin signal
transduction (Okushima ez 4/, 2007; Cho et al., 2014). Loss of
function mutants in the PEPTIDE RAPID ALKALINIZATION
FACTOR (RALF) 34 and its receptor THESEUSI (THEI)
show irregular asymmetric founder cell divisions during lateral
root initiation (Murphy ez al., 2016; Gonneau ez al., 2018). In a
recent study, it was found that peptide hormone TARGET OF
LBD SIXTEEN2 (TOLS2) and its receptor RECEPTOR-LIKE
KINASE7 (RLK7) govern the number of lateral root founder
cells, negatively regulating lateral root initiation and ensuring
proper lateral root spacing (Toyokura ez al., 2019).

Our laboratory is mainly interested in revealing the biological
function of RLKs, especially LRR-RLKs, in model plant Ara-
bidopsis. From a previous study (Wu ez al., 2016), we identified
a receptor kinase, encoded by Ar1G75640, that is mainly
expressed during lateral root initiation and development. This
gene was previously named MUSTACHES (MUS) (Keerthisinghe
et al., 2015). MUS protein was identified in stomata and regu-
lates stomatal bilateral symmetry, although we failed to detect its
expression in pMUS:: GUS transgenic plants possibly due to the
limitation of the GUS staining approach we used. Here we report
a new role of MUS in regulating lateral root development. Our
phylogenetic analysis indicated that MUS has a closely related
protein which is encoded by A4G36180 and we subsequently
named it as MUSTACHES-LIKE (MUL). I vitro analysis indi-
cated MUS and MUL are kinase-inactive RLKs. However, MUS
and MUL can be phosphorylated in planta, possibly by another
undetermined kinase. Single loss-of-function mutants of MUS
and MUL, including mus-3, mus-4, mul-1 and mul-2, show no
lateral root developmental defects. However, two independent
double mutants, mus-3 mul-1 and mus-4 mul-2, show signifi-
cantly decreased emerged lateral root density. Further investiga-
tion using one of the two independent double mutants, mus-3
mul-1, revealed that the decreased emerged lateral root phenotype
of the double mutant is not caused by defects in the initiation of
lateral root primordia, but mainly by delayed lateral root pri-
mordium development at stage I. Interestingly, MUS was found
to have a polar localization in primary and lateral root cells.
Exogenous application of auxin can dramatically enhance the
expression of MUS in the primary root differentiation zone and
in the lateral root primordia. The upregulation of MUS by auxin
is AUXIN RESPONSE FACTOR 7 (ARF7) and ARF19 depen-
dent. RNA-seq data showed that MUS and MUL affect lateral
root development likely via regulating cell wall biosynthesis and
remodeling. In summary, we found MUS and MUL are kinase-
inactive RLKs and play an important role during an early stage of
lateral root development.

Materials and Methods

Plant materials and growth conditions

Wild-type and mutants used in this study are all in Arabidopsis
thaliana ecotype Col-0 background. The T-DNA insertion lines
were obtained from the Arabidopsis Biological Resource Center
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(ABRC), including  mus-3  (SALK_101029), mus-4
(SALK_072166), mul-1 (SALK_042322), mul-2 (GK-593C11),
arf7-1 arf19-1 (CS24629). All plants were grown in glasshouses
(16 h light and 8 h dark, 22°C). For seedling experiments, seeds
were sterilized in 75% ethanol for 1 min and 1% sodium
hypochlorite for 10 min, and washed in double distilled water
(ddH,O) five times. The seeds were then vernalized at 4°C for
2d. Seeds were germinated and the seedlings were grown on %3
Murashige and Skoog (MS) plates containing 1% sucrose and
0.9% agar in a growth chamber with 16 h light and 8 h dark at
22°C. For liquid culture, seeds in ¥2MS liquid medium were
shaken gently at 120 rpm under the same growing condition.

Generation of double mutants and transgenic plants

Double mutants mus-3 mul-1 and mus-4 mul-2 were obtained by
crossing single mutants mus-3, mul-1, mus-4, mul-2, correspond-
ingly. The promoter and coding sequences of MUS, MUL and
BAM?2 were amplified with primers listed in the Supporting
Information Table S1. The PCR products were cloned into an
entry vector pDONR/Zeo using a BP reaction (Invitrogen, Carls-
bad, CA, USA). The sequences from the obtained entry clones
were recloned into an appropriate destination vector. For expres-
sion pattern analyses, the promoter sequences of MUS (2160
bases before translation initiation codon) and MUL (1276 bases
before translation initiation codon) were cloned into the pBIB-
BASTA-GUS-GWR vector. For protein localization and comple-
mentation, genomic sequences driven by the native promoter of
MUS or MUL were cloned into pBIB-BASTA-GWR-YFP and
pBIB-BASTA-GWR-GFP, respectively. For phosphorylation anal-
yses in planta, the coding sequences of MUS, MUL and BAM?2
were cloned into pBIB-BASTA-UBQI0-GWR-FLAG. The
arginine (R) at 867 aa of MUS or at 869 aa of MUL, the ATP
binding sites, were mutated to a glutamic acid (E) and lysine (K)
by PCR-mediated mutagenesis. The mutated gene was also
cloned into pBIB-BASTA-UBQI0-GWR-FLAG. All transgenic
plants were generated by the floral dip method using
Agrobacterium tumefaciens GV3101 strain. All the vectors were
used to construct transgenic plants in this article as described pre-
viously (Gou et al., 2010).

Staining and microscopic analyses

Homozygous seedling lines of pMUS::GUS and pMUL::GUS
were incubated in a GUS staining solution at 37°C for 6h as
described previously (Wu ez al., 2016), and then were decolorized
by a gradient of ethanol solutions. Whole plants were analyzed
and photographed wusing a stereomicroscope (M165C;
Leica, Weztlar, Germany). The primary roots and the lateral root
primordia were cleared with two clearing solutions, solution
made by mixing chloral hydrate, glycerol, water (4: 1: 1, w/w/w)
for Fig. 1, and another clearing solution as reported previously
(Malamy & Benfey, 1997). A microscope (DMG6000B; Leica)
was used for analyzing and photographing the root GUS staining.
For protein localization of MUS, MUL, PIN1 and PIN3, the
corresponding seedlings were stained in 100 ng ul~" propidium
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iodide (PI) for 8 min. For stomatal phenotypes of Col-0, mus-3,
mul-1 and mus-3 mul-1, the corresponding seedlings were stained
in 25ng url SynaptoRed C2 (FM4-64) (70021; Biotium, Fre-
mont, CA, USA) for 30 min. Seedlings were photographed using
a confocal fluorescence microscope (TCS SP8; Leica).

RNA extraction and transcription analysis

Total RNA from Col-0 and mus-3 mul-1 plants was extracted
from 7-d-old seedling roots by using an RNeasy Plant Mini Kit
(74903; Qiagen, Hilden, Germany) for RNA-seq or total RNA
pure Plant Kits (DP437; Tiangen; Beijing, China) for quantita-
tive reverse transcription polymerase chain reaction (QRT-PCR).
The purified RNA was used for synthesizing the cDNA by using
M-MLV reverse transcriptase (C28025; Invitrogen, Carlsbad,
CA, USA). The cDNA was used to test homozygous T-DNA
insertions of genes by RT-PCR. Relative expression levels were
obtained after normalized by ACTIN2. The primers used for
RT-PCR and qRT-PCR are shown in Table S1.

Lateral root induction

Seedlings were grown on “2MS for 3 d after germination. The
primary root tip was artificially bent to 90° with the root tip
pointing towards the gravity. The roots were collected every 6 h
and stained with GUS solution before analyzing under a micro-
scope (DM6000B; Leica).

IAA treatment

The pMUS::GUS and pMUL::GUS transgenic plants were grown
on ¥2MS medium for 8 d, then treated with 0.01% dimethyl sul-
foxide (DMSO) or 1uM indole-3-acetic acid (IAA) liquid
medium for 12 h, stained with GUS solution for 2 h and pho-
tographed with a Leica microscope, as described earlier. Col-0,
arf7-1 arf19-1 seedlings were grown on 1/5 MS medium for 8 d,
and treated in 1 uM IAA liquid medium for 3 h. Total RNA was
extracted from the seedling roots and expression levels of MUS

and MUL were detected by qRT-PCR.

Protein induction, purification, phosphorylation assays
in vitro

For in vitro induction and purification of proteins, the cDNA
sequence coding of cytoplasmic domains (CDs) of MUS and the
kinase domain (KD) of CLV1 were cloned into a pDEST15 vec-
tor with an in-frame GST tag. Whereas the cDNA sequence cod-
ing for the cytoplasmic domain of MUL was cloned into pE7-
156 with an in-frame His tag. The resulting construct was trans-
formed into Escherichia coli Rosetta for protein expression with
isopropyl-B-D-thiogalactoside (IPTG) induction. GST-MUS¢p,
GST-MUScRR7E, GST-MUScpR7K) His-MULcp, His-
MULcRRE%, His-MULp %, GST and GST-CLV 1gp were
purified by using glutathione agarose beads (C600031; Sangon
Biotech, Shanghai, China) in binding buffer (50 mM Tris-HCI
(pH 7.9), 100 mM sodium chloride (NaCl), 0.2% NP40, 10%
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Fig. 1 The expression patterns of MUS and MUL in roots. (a—c) MUS is mainly expressed in lateral roots and weakly expressed in the meristematic zone of
the primary roots. (d-k) MUS is expressed in the lateral root primordia at all eight different developmental stages. (I-v) MUL is expressed in the vasculature
of the seedlings and in the early stages of lateral root formation. The seedlings used for GUS staining were 5 d (a—c, I-n) or 8d (d—k, o-v) after germination.
PR represents primary root. I-VIII represent the eight development stages of lateral root primordia. Bars: (a, I) 2mm; (b, m) 1mm; (c-k, n—v) 25 um.

glycerol, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsul-
fonyl fluoride (PMSF)) at 4°C for 3 h.

Phosphorylation was assayed as described previously with
modifications (Li er al, 2002). For in vitro phosphorylation
assays, 1 g of purified GST-CLV1kp, GST-MUScp, GST-
MUSHRE GST-MUSpR®’%,  HissMULcp,  His-

New Phytologist (2020) 227: 1157-1173
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MULcp 8% His-MULcp %, GST, MBP substrate were
incubated with gentle shaking in the kinase assay buffer 20 mM
Tris-HCI (pH 7.6), 1 mM DTT, 10 mM magnesium chloride
(MgCl,), 1 mM manganese chloride (MnCl,), 0.1 mM ATP)
containing 1 pl [y->*P]JATP at 30°C for 1 h. The proteins were
mixed with 2 x SDS loading buffer and boiled for 5 min. The
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proteins were separated by 12% SDS-PAGE (sodium dodecyl
sulfate—polyacrylamide gel electrophoresis), quantitated by
Coomassie brilliant blue and analyzed by autoradiography.

Total protein extraction and in planta phosphorylation
assays

Ten-day-old transgenic seedlings from liquid culture were
ground to powder and lysed in extraction buffer (10 mM
HEPES (pH 7.5), 100 mM NaCl, 1 mM ethylenediaminete-
traacetic acid (EDTA), 10% glycerol, 0.5% Triton X-100,
complete protease inhibitor cockeail (04693132001; Roche,
Basel, Swizerland) and phosphatase inhibitors). The super-
natant was incubated with anti-FLAG beads (A2220; Sigma,
St Louis, MO, USA) and gently shaken at 4°C for 3h. The
beads were washed three times with the extraction buffer.
Proteins bound to the beads were mixed with 1 x SDS load-
ing buffer and boiled for 5 min. The proteins were then ana-
lyzed by immunoblotting with ant-FLAG antibody
(M20008L; Abmart, Shanghai, China) for quantification or
with anti-pThr antbody (9381S; Cell Signaling Technology,
Boston, MA, USA) for phosphorylation analysis.

Results

MUS is mainly expressed in lateral root primordia

Within the last two decades, our laboratory has been mainly
focusing on elucidating the biological functions of RLKs in
Arabidopsis. We generated promoter::GUS transgenic plants
for all 223 LRR-RLKs and analyzed their detailed expression
patterns (Wu e al, 2016). A number of tissue-specifically
expressed RLKs were identified during these assays. One of
these RLKs, At1G75640, is predominantly expressed during
lateral root development. This gene, previously reported as
MUSTACHES (MUS), was found to be involved in stomatal
development (Keerthisinghe ez al, 2015). Our GUS staining
analysis indicated that MUS is strongly expressed in the spots
where lateral roots are formed and weakly expressed in the
meristematic zone of primary roots (Fig. 1a—). The expression
of MUS, based on our GUS analysis, is beyond the detection
levels in rosette leaves, inflorescences, flowers and siliques
(Supporting Information Fig. S2a—d, see later). Detailed inves-
tigations were carried out in cleared seedlings by using chloral
hydrate solution (chloral hydrate, glycerol, water (4:1:1, w/
wiw)), revealing that MUS is expressed during all eight devel-
opment stages of lateral root primordia (Fig. 1d-k).

The unique expression patterns of MUS suggest that MUS
may be involved in lateral root development. We therefore set to
examine the biological function of MUS in lateral root develop-
ment. MUS is a member of the LRR-RLK subfamily VII. This
subfamily contains 10 members. Phylogenetic analysis based on
full-length amino acid sequences of subfamily VII members indi-
cated that the closest paralog of MUS is At4G36180, which was
subsequently named as MUSTACHES-LIKE (MUL) (Fig. S1).
Analysis of transgenic plants harboring pMUL::GUS showed that

© 2020 The Authors
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MUL is expressed not only in lateral roots but also in other tissues
(Fig. 11). Detailed analysis indicated that MUL is also expressed
in young leaves, shoot apical meristems of 2-wk-old seedlings,
pistils, the transmitting tract of pollen tubes, at the junction of
siliques and petioles, in lateral root primordia stages I-IV, and
also in the vascular tissue at stage VIII (Figs 1l-v, S2e-h). The
overlapping expression patterns of MUS and MUL in lateral root
development suggest MUS and MUL may play redundant roles
during early stages of lateral root development.

Both mus-3 mul-1 and mus-4 mul-2 double mutants show
a significantly reduced lateral root formation phenotype

To test whether MUS and MUL are truly involved in lateral root
development, we obtained two independent T-DNA insertion
lines for both MUS and MUL, named mus-3, mus-4, mul-1 and
mul-2, respectively (Fig. 2a). RT-PCR analysis with primers that
amplify full-length transcripts of MUS and MUL confirmed that
the two independent T-DNA insertion lines for both genes are
true null alleles (Fig. 2b). All of the single knockout mutants
showed primary and lateral roots indistinguishable from those of
wild type (Fig. S3a—d). These results suggest that MUS and
MUL may play functionally redundant roles. To test this hypoth-
esis, two independent double mutants, mus-3 mul-1 and mus-4
mul-2 were generated by genetic crosses. Interestingly, both 7zus-
3 mul-1 and mus-4 mul-2 seedlings displayed slightly shortened
primary roots and significantly less emerged lateral roots com-
pared to wild-type Col-0 (Fig. 2c—). The emerged lateral root
densities (number of lateral roots/root length) of mus-3 mul-1
and mus-4 mul-2 were nearly half of those from Col-0 (Fig. 2f).
The aerial parts of the mutants showed no obvious differences
from Col-0 (Fig. S3¢). Because mus-3 mul-1 and mus-4 mul-2
showed identical root defects, further analyses were mainly
focused on mus-3 mul-1.

In order to further confirm the decreased lateral root density
phenotype of mus-3 mul-1 was indeed due to the absence of both
MUS and MUL, we constructed binary constructs pMUS::MUS-
YFP and pMUL::MUL-YFP, and transferred them into mus-3
mul-1 respectively. More than 10 independent transgenic lines
for each construct were subsequently generated. Transgenic
plants with only one T-DNA insertion event, which was deter-
mined via segregation analysis in T, were selected and homozy-
gous lines were subsequently obtained. Seeds of two randomly
selected independent homozygous transgenic lines from each
construct were planted on ¥2MS medium, with Col-0 and mus-3
mul-1 as controls. The results indicated that two independent
lines of pMUS::MUS-YFP in mus-3 mul-1 or pMUL::MUL-YFP
in mus-3 mul-1 showed completely complemented primary and
lateral root phenotypes, similar to wild type Col-0 (Fig. 3a—).
Consistently, qRT-PCR analysis indicated that, in all indepen-
dent transgenic lines of pMUS::MUS-YFP in mus-3 mul-1 or
PMUL::MUL-YFP in mus-3 mul-1, the expression of MUS or
MUL was recovered to the level either similar or higher than
Col-0 (Fig. 3d,e). These results demonstrate that the lateral root
defective phenotype of mus-3 mul-1 is indeed caused by the
simultaneous knockouts of both MUS and MUL.
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Fig. 2 Two independent double mutants,
mus-3 mul-1 and mus-4 mul-2, show a
similar lateral root defective phenotype. (a)
Diagrams showing the T-DNA insertion sites
of two independent alleles for MUS (mus-3
and mus-4) and MUL (mul-1 and mul-2).

(e)
6 e
—_ ©
5\l % ol E20-
£ 4 %
% S 1.5-
= 3- Nt
S 3
o 5 = 1.0
= g
E 1- 5 0.54
= O
z g
0- o 0.0-
Col-0 mus-3 mus-4 UEJ

mul-1 mul-2

MUS and MUL regulate lateral root primordia at an early
developmental stage

To understand the detailed mechanisms of MUS and MUL in
regulating lateral root development, we investigated the specific
stages in which Col-0 and mus-3 mul-1 show developmental dif-
ferences. Decreased emerged lateral roots may be caused by
defects at the initiation stage of lateral roots, lateral root pri-
mordium emergence, or developmental abnormalities in lateral
root primordia. At early developmental stages, lateral root pri-
mordia are tiny and easily miscounted under a microscope. Auxin
is known to accumulate at all developmental stages of lateral root
primordia. To facilitate our analysis, we transformed pDR5::GUS
into Col-0 and mus-3 mul-1, and counted the primordia in both
pDR5::GUS in Col-0 and pDR5::GUS in mus-3 mul-1 transgenic
seedlings after GUS staining. Our data suggested that the density

of stage I lateral root primordia in mus-3 mul-1 was significantly
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P =0.00002

Col-0 mus-3 mus-4
mul-1 mul-2

The insertion sites of the T-DNA are
indicated as triangles and the T-DNA
orientations are marked with arrows. (b) RT-
PCR results show no full length transcripts for
both MUS and MUL in two independent
double mutants. (c, d) Both mus-3 mul-1 and
mus-4 mul-2 show significantly reduced
number of emerged lateral roots than Col-0.
The seedlings used for the photograph were
9 d after germination. Bars, 1 cm. (e, )
Measurements of primary root length and
emerged lateral root density of Col-0, mus-3
mul-1 and mus-4 mul-2. Data shown
represent average and SD (n > 30). Student's
t-tests were used to compare the
measurements from mus-3 mul-1 and mus-4
mul-2 with those from Col-0 (***,

P <0.001).

sk %k P<10°®

* %k %k

greater than that of Col-0, nearly twice that of Col-0 (Fig. 4a).
The density of stages II-VIII lateral root primordia in Col-0 and
mus-3 mul-1 showed no significant differences. The density of
nonemerged lateral roots in mus-3 mul-1 was dramatically
increased compared to that of wild type. The density of emerged
lateral roots in mus-3 mul-1, however, was significantly decreased
relative to Col-0, although the densities of total lateral roots
(emerged and nonemerged together) in mus-3 mul-1 and Col-0
showed no significant difference (Fig. 4a). These results indicated
that MUS and MUL play an important role mainly at stage I of
lateral root primordium development.

To further confirm the prominent role of MUS and MUL in
lateral root primordium development, we designed a lateral root
induction experiment based on an early observation that bending
roots can induce lateral root formation at the convex surface due
to the preferential accumulation of auxin (Ditengou ez al., 2008;
Moreno-Risueno er al., 2010). Seedlings were grown on ¥2MS

© 2020 The Authors
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Fig. 3 Expression of MUS or MUL driven by their respective native promoters can rescue the lateral root defects of mus-3 mul-1. (a) Root phenotypes of
Col-0, mus-3 mul-1, and two independent transgenic lines of pMUS::gMUS-YFP and pMUL::gMUL-YFP in mus-3 mul-1. The seedlings used for
photographs and measurements were 9 d after germination. Bars, 1 cm. (b, c) Measurements of primary root length and emerged lateral root density of
the seedlings, respectively. Data shown represent average and SD (n > 25). (d, e) gqRT-PCR results indicating the relative expression levels of MUS and
MUL in Col-0, mus-3 mul-1, pMUS::gMUS-YFP in mus-3 mul-1, and pMUL::gMUL-YFP in mus-3 mul-1. Data shown represent average and SD (n = 3).
Student's ¢-test was used to compare the measurements from wild-type Col-0, two independent transgenic lines of pMUS::gMUS-YFP in mus-3 mul-1,
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and pMUL::gMUL-YFP in mus-3 mul-1 with those from mus-3 mul-1 (***, P<0.001).

medium for 3 d after germination, and then placed horizontally
with their primary root tips bending 90° towards the gravity
(Fig. 4b). After different induction times, the roots were collected
for further analyses. After 6 and 12 h of lateral root induction,
the percentage of stage I lateral root primordia were almost the
same between Col-0 and mus-3 mul-1 at the bending site, indi-
cating that the initiation of lateral root primordia is unaffected in
mus-3 mul-1 (Fig. 4c). Interestingly, after 30 h, Col-0 lateral root
primordia were all developed at stage II and beyond, while 41%
lateral root primordia in mus-3 mul-1 were stll at stage I
(Fig. 4c). After 48 h, 8.4% lateral root primordia in mus-3 mul-1
were still at stage I, whereas all the lateral root primordia in wild
type were already developed at stage III and beyond (Fig. 4c).
These results further confirmed that MUS and MUL regulate the
development of the lateral root primordia at stage I.

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust

The completion of lateral root initiation represents the begin-
ning the stage I of lateral root primordium development, which
contains four cells, two big and two small ones (Malamy & Ben-
fey, 1997). After several anticlinal divisions, there are six or more
cells at stage I. The center cells of stage I undergo a periclinal
division and produce two layers of cells, symbolizing the begin-
ning of stage II (Malamy & Benfey, 1997). In order to uncover
what causes lateral roots to be retained at stage I in mus-3 mul-1,
we counted cell numbers in Col-0 and 7us-3 mul-1 at stage I just
after the first periclinal division starts. Statistical analysis showed
that in Col-0 the first periclinal division occurs when 5.7 cells are
formed at stage 1 (Fig. 4d). However, in mus-3 mul-1 the first
periclinal division occurs when 6.7 cells are formed at stage I
(Fig. 4d). It was reported that cell width of the center founder
cells affects early development of lateral root (Vermeer er al.,

New Phytologist (2020) 227: 1157-1173
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were used to compare the measurements of mus-3 mul-1 with those from Col-0 (***, P<0.001; ns, no significance at P> 0.05). (b) Diagram showing a
classic approach which was used to induce lateral root initiation and formation. Bending the horizontally placed primary root tip 90° and allowing the root
tip to grow in the direction of gravity can induce the initiation and formation of lateral roots at the convex side of the bending site, as indicated by an
asterisk. (c) Measurements of the percentage of lateral root formation of Col-0 and mus-3 mul-1 at various developmental stages (n >50). Measurements
were carried out every 6 h after the artificial induction shown in (b). (d) Number of primordium cells at stage | when the first periclinal division occurs in
Col-0 (n=59) and mus-3 mul-1 (n=50). Transgenic plants carrying pDR5::GUS in either Col-0 or mus-3 mul-1 were used for the analyses as GUS staining
can reveal the presence of lateral root primordia. NE, no emerged; E, emerged; Total, all lateral roots including lateral root primordia and emerged lateral
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are shown.

2014; Ramakrishna ez 4/, 2019; Vilches Barro et al., 2019). We
measured the width of lateral root founder cells in Col-0 and
mus-3 mul-1 before or after the first asymmetric division, using
transgenic plants carrying pPIN3::PIN3-GFP in Col-0 and in
mus-3 mul-1. We found no significant cell width difference in
Col-0 and mus-3 mul-1 (Fig. S4). These results indicated that the
more time needed to finish stage I in mus-3 mul-1 is partially due
to the fact that additional cell divisions are required in compar-
ison with that of Col-0.

New Phytologist (2020) 227: 1157-1173
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MUS shows a polar localization in primary and lateral root
cells

To understand the biological functions of MUS and MUL in
regulating lateral root development, it is critical to know the pro-
tein localization of the two RLKs. Because transgenic plants car-
rying pMUS::MUS-YFP and pMUL::MUL-YFP in mus-3 mul-1
were able to complement the lateral root defects of mus-3 mul-1,

the localization of MUS-YFP and MUL-YFP observed in the

© 2020 The Authors
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transgenic plants should represent its true protein localization.
MUS can be detected in primary root meristem zone and in all
eight developmental stages of lateral root primordia (Fig. 5a—k).
Interestingly, MUS shows strong polar localization at anticlinal
sides of the primary roots, the lateral root founder cells, and stage
I lateral root primordia (Fig. 5a—0). We measured the mean fluo-
rescence intensity of the MUS-YFP signal at the anticlinal and
periclinal sides of cells in primary roots and stage I lateral roots.
The polarity index is then calculated by dividing the anticlinal
side fluorescence intensity by periclinal side fluorescence intensity
(Fig. 5p). The polarity index is about 2.7 in primary roots and
2.5 in lateral roots. Polar localization of MUS was confirmed in
transgenic plants carrying 355::MUS-GFP. We found that MUS-
GEFP was located at the root-tip side of the cells in the primary
roots (Fig. S5). Meanwhile, we analyzed protein localization of
MUL in transgenic plants carrying pMUL::MUL-YFP and found
no obvious polar localization (Fig. 5q—al). MUL-YFP signal
could be strongly observed in endodermis and weakly in pericycle
and vascular cells of the primary root tips (Fig. 5g—s). Relatively
weak MUL-YFP signal could be detected in lateral root primor-
dia (Fig. 5t-al).

IAA treatment can induce the expression of MUS in primary
and lateral roots

Auxin plays important roles in all stages of lateral root formation.
Some auxin-related mutants show similar phenotypes with mus-3
mul-1 in lateral root development, such as a double mutant of
auxin response factors, arf7-1 arf19-1 (Fig. S6) (Okushima ez al.,
2007; Ito ez al., 2016). We proposed that MUS may be regulated
by auxin in regulating lateral root development. In order to
examine the relationship between MUS and auxin, we treated
pMUS::GUS transgenic plants with 1 uM IAA for 12 h and ana-
lyzed the GUS intensity by GUS staining. The MUS promoter
activity was significantly enhanced after IAA treatment (Fig. S7).
Detailed analysis showed that MUS promoter activity was
enhanced mainly in the vascular tissues of primary roots and at
early stages of lateral root primordia (Fig. 6a—1). However, based
on GUS staining results, IAA treatment showed no obvious
effects on MUL promoter activity in primary and lateral roots
(Fig. 6m—x). We next performed qRT-PCR analysis to further
examine the expression levels of MUS and MUL in Col-0 roots
treated with 1 uM TAA for 3 h. The results showed that the
expression level of MUS was increased more than eight-fold, the
expression level of MUL was actually also increased by about
60% (Fig. 6y,z). Previous studies indicated that high concentra-
tion of auxin could regulate expression levels of its downstream
target genes via auxin-mediated signaling pathways (Weijers
et al., 2005; Ito er al., 2016). For example, auxin could up-regu-
late two transcription factors, ARF7 and ARF19. ARF7 and
ARF9 could directly regulate the expression of their target genes
to affect the lateral root growth and development (Okushima
et al., 2007). We examined the expression levels of MUS and
MUL in arf7-1 arf19-1 double mutant with or without the IAA
treatment. Interestingly, the up-regulation of MUS and MUL by
IAA was significantly decreased in arf/-1 arfl19-1 compared to

© 2020 The Authors
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that in wild-type (Fig.06y,z). These data suggest that auxin
enhances the expression levels of MUS and MUL largely depen-
dent on the function of ARF7 and ARF19.

MUS and MUL are kinase-inactive RLKs

MUS and MUL are two receptor kinases in the LRR VII subfam-
ily. MUS contains 1140 amino acid residues, while MUL con-
tains 1136 amino acid residues. Both proteins contain 25 LRRs
in their extracellular domains. Generally, receptor kinases possess
kinase activities which can phosphorylate downstream compo-
nents to transmit extracellular signals. However, some receptor
kinases show no kinase activity and they transmit signals mainly
via protein—protein interactions (Castells & Casacuberta, 2007).
Previous studies predicted that MUS is likely a kinase-inactive
RLK (Castells & Casacuberta, 2007; Keerthisinghe ez al., 2015).
To test the kinase activities of MUS and MUL, we carried out
in vitro kinase assays. The cDNA sequences coding for the cyto-
plasmic domain of MUS and the kinase domain of CLV1 were
cloned into a pDESTI5 vector. The resulting constructs encode
MUScp and CLV1gp with an N-terminal in-frame fused GST
tag, respectively. Whereas the cDNA sequence coding for the
cytoplasmic domain of MUL was cloned into pET-15b. The
resulting construct encodes MULcp with an N-terminal in-
frame fused 6 X His tag. GST-MUS¢p, HissMUL¢p and GST-
CLVl1kp were purified from E. coli and incubated in the kinase
assay buffer supplemented with [y-**P]JATP. Kinase activity anal-
ysis via autoradiography showed that MUS and MUL did not
exhibit any auto-phosphorylation or transphosphorylation (to-
wards the substrate MBP, myelin basic protein) activity i vitro.
CLV1, as a positive control, however, showed strong auto-phos-
phorylation and transphosphorylation activity towards MBP
(Fig. 7a). In many kinase active RLKs, there is a conservative
lysine (K) residue within their ATP binding motif. For example,
K911 and K317 are these conservative lysine residues in the
brassinosteroid receptor BRASSINOSTEROID INSENSITIVE1
(BRI1) and co-receptor BRI1-ASSOCIATED RECEPTOR
KINASE (BAK1), respectively (Li ez al, 2002). In MUS and
MUL, the corresponding residues are arginines (R), R867 for
MUS and R869 for MUL. To test whether the natural occuring
mutation from K to R resulted in the inactive kinases, we
mutated R867 and R869 into K867 and K869, and glutamic
acid (E) 867 and E869. We expected that MUScp 87K and
MULcRREK could regain kinase activities if the mutation from
K to R is the reason for these two proteins to lose their kinase
activities, whereas MUScpR®®"F and, MULcp*F should not
have kinase activities. We tested the kinase activities of these
mutated proteins. Surprisingly, we found that all MUS¢p %,
MUScp K MULR%E, MULRRK still lacked kinase
activities (Fig. 7a). These results showed that MUS and MUL are
indeed kinase-inactive RLKs iz wvitro. At the meantime, we
detected the phosphorylation levels of MUS, MUL and BARELY
ANY MERISTEM 2 (BAM?2) in planta. We constructed trans-
genic seedlings carrying pUBQI10::MUS-FLAG, pUBQ10::MUL-
FLAG, and pUBQI10::BAM2-FLAG with the coding sequences of
MUS, MUL and BAM?2 being cloned into pBIB-BASTA-

New Phytologist (2020) 227: 1157-1173
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Fig.5 MUS and MUL proteins can be detected in both primary and lateral roots, and MUS shows polar localization in primary and lateral root cells. (a—c)
MUS-YFP from pMUS::gMUS- YFP transgenic plants can be visualized in the primary root meristematic zone and shows clear polar localization under a
confocal microscope. (d—k) MUS-YFP can be detected at all eight developmental stages of lateral root primordia. (I-o) Different numbers of anticlinal cell
divisions during early stages of lateral root development. MUS-YFP is mainly localized at the cell transverse side of lateral root founder cells and stage |
lateral root primordia. (p) Polarity index of MUS-YFP in primary roots and stage | lateral root primordia (ratio of MUS intensity at anticlinal vs periclinal

sides). Data shown represent average and SD (n > 40). (g—s) MUL-YFP from pMUL::gMUL-YFP transgenic plants can be detected in the endodermal cells
of primary root without obvious polar localization under a confocal microscope. (t-a1) MUL-YFP shows weak signals during all eight developmental stages
of lateral root primordia. Nine-day-old seedlings were stained with 100 ng ul~" PI for 8 min before confocal analyses. Bars: (b, c, t, s) 5 um; (a, d-o, q, t-a1)

25 um. PR represents primary root. I-VIII represent the eight development stages of lateral root primordia.

UBQI10-GWR-FLAG. MUS-FLAG, MUL-FLAG and BAM2-
FLAG were immunoprecipitated by anti-FLAG beads. The phos-
phorylation levels of these proteins were analyzed by using an
anti-pThr antibody. Our results showed that all three fusion pro-
teins were actually phosphorylated with the phosphorylation level
of MUS much stronger than that of BAM2 in planta. MUL was
also phosphorylated in planta and its phosphorylation level was
slightly stronger than BAM2 but weaker than MUS (Fig. 7b).
MUS and MUL have no auto-phosphorylation activity
in vitro, but are phosphorylated in planta, suggesting that there is
another kinase in planta to phosphorylate MUS and MUL. We
used MUS as an example to test whether the kinase activity of
MUS is essential for its function, we detected the phosphoryla-
tion level of MUS®® i1 planta and found that it was similar to
that of MUS (Fig. 7¢). We next transformed pMUS:MUS7-
GFP into mus-3 mul-1 and dozens of individual transgenic lines

New Phytologist (2020) 227: 1157-1173
www.newphytologist.com

were obtained. In most of these transgenic lines, M USREE \yas
able to complement the lateral root phenotypes of mus-3 mul-1.
Two representative lines were analyzed in detail (Fig. 7d—g).
These data suggest that MUS and MUL are kinase-inactive RLKs
and affect the early development of lateral root primordia. Our
result indicated that MUS functions independently of its kinase
activity. In other words, the kinase activity of MUS is dispensable
for its biological function.

The expression levels of cell wall related genes are
significantly down-regulated in mus-3 mul-1

To investigate possible molecular mechanisms of MUS and MUL
in regulating early lateral root development, we carried out an
RNA-seq analysis to compare the transcription profiles of mus-3
mul-1 with those of wild-type Col-0. Total RNA was extracted

© 2020 The Authors
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Fig. 6 1AA significantly upregulates the expression of MUS in an ARF7 and ARF19 dependent manner. (a—I) GUS stained roots from pMUS::GUS transgenic

seedlings showing the expression of MUS is enhanced in the vasculature of root differentiation zone and at the early developmental stages of lateral root
primordia. The pMUS::GUS transgenic roots were treated either with 0.01% DMSO as controls (a—f) or with 1 uM IAA (g-1) for 12 h. (m-x) GUS stained
roots from pMUL::GUS transgenic seedlings indicating the upregulation of MUL after IAA treatment cannot be obviously observed in primary and lateral
roots. pMUL::GUS transgenic seedlings treated with 0.01% DMSO were used as controls (m-r) or 1 uM IAA (s—x) for 12 h. Bars: (a, b, g, h, m, n, s, t) 100
um; (¢, i-l, o-r, u—x) 25 um. (y, z) The relative expression levels of MUS and MUL in Col-0 and arf7-1 arf19-1 without or with 1 pM IAA treatment for

3 h. Total RNA extracted from roots was used for gRT-PCR analyses. Data shown represent average and SD (n =3). Student's t-test was used to compare
the expression levels of MUS and MUL after treated with DMSO or IAA (***, P<0.001; **, P<0.01; *, P<0.05). At least three independent biological

replicates were performed and similar results were obtained. The data shown represent the results from one of the representative experiments.

from 7-d-old seedling roots of mus-3 mul-1 and wild type Col-0.
The obtained transcripts were analyzed by RNA-seq. Three biolog-
ical replicates were performed. The volcano-plot distribution map
showed relative expression of genes that differ more than two-fold
between Col-0 and mus-3 mul-1. There were 136 differentially
expressed genes based on a two-fold cutoff, including 39 up-regu-
lated genes and 97 down-regulated genes in the double mutant rel-
ative to wild-type (Fig. 8a,b; Table S2). Thirteen of these down-
regulated genes are classified as cell wall related and mapped by the
expression clustering heatmap based on log2 (FPKM) (Fig. 8¢).
Nine of the 13 genes were further confirmed by qRT-PCR analysis
(Fig. 8d). These nine genes include Az1G06520 (GPATI),
At2G24980 (EXTENSIN 6), At3G28300 (AT14A), At3G62820,
Ar4G33810, At4G37780 (MYBS7), At5G06640 (EXTENSIN 10),
At5G26080, At5G44400 (ATBBE26). We also analyzed the tran-
scriptional levels of other cell wall remodeling genes which were
found to be reduced at least 1.5-fold but less than two-fold based

© 2020 The Authors
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on the RNA-wseq results, such  asXYLOGLUCAN
ENDOTRANSGLYCOSYLASE 6 (XTR6), EXPANSIN 1 (EXPI),
EXP17 and POLYGALACTURONASE ABSCISSION ZONE
Arabidopsis thaliana (PGAZAT). Our qRT-PCR results indicated
that the transcriptional levels of these four genes were all down-reg-
ulated in mus-3 mul-1 compared to wild-type (Fig. 8¢) (Cai &
Lashbrook, 2008; Ogawa et al, 2009; Gonzalez-Carranza et al.,
2012; Lee & Kim, 2013). Cell wall biosynthesis and remodeling
are important during early development of lateral root primordia.
For example, during the lateral root initiation, the lateral root
founder cells expand and the stage I lateral root primordia show a
distinct bulge. During these processes, the cell walls of overlying
endodermal cells begin to relax, and endodermal cells undergo
morphological changes, which promotes lateral root primordium
emergence and lateral root development (Péret ez al, 2009; Ver-
meer ¢t al., 2014; Ramakrishna ez 4/, 2019). After multiple anticli-
nal divisions during stage I, new cell walls need to be synthesized.

New Phytologist (2020) 227: 1157-1173
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phosphorylated in vitro. CLV1p was used as a positive control. MBP (myelin basic protein) was used as substrate of kinases. [y->2P]IATP was added in the
reaction buffer for the kinase activity assay. CBB, Coomassie brilliant blue. (b) The phosphorylation level of MUS is stronger than BAM2, a positive control,
in planta. MUL can also be phosphorylated in planta. (c) MUSR®’E in which an arginine residue in the ATP binding site was mutated to a glutamic acid,
can still be phosphorylated in planta. MUS-FLAG, MUL-FLAG, BAM2-FLAG and MUSR®¢7E-FL AG were overexpressed and stable transgenic plants were
obtained. (d, e) Mutation in the ATP binding site of MUS does not affect the biological function of MUS in lateral root development. Transgenic plants
carrying pMUS::MUSRE¢”E-GFP can restore the developmental defects of the lateral roots of mus-3 mul-1. Seedlings were cultured on 1/5 MS medium for
8d. Bars, 1 cm. (f, g) Measurements of primary root length and emerged lateral root numbers of Col-0, mus-3 mul-71 and two independent transgenic lines
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P<0.001).

Discussion
The RNA-seq results suggest that MUS and MUL regulate early

lateral root primordium development possibly via mediating cell
wall synthesis and remodeling (Fig. 9).

Here, we report our identification of an LRR-RLK whose
expression pattern appears to be very unique. This LRR-RLK

New Phytologist (2020) 227: 1157-1173
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distribution map between Col-0 and mus-3 mul-1. Red dots represent up-regulated genes and blue dots represent down-regulated genes, fold change >2
or <—2, g-value <0.001. (b) The expression clustering heatmap of differentially expressed genes between Col-0 and mus-3 mul-1. Red and blue represent
the expression after the conversion log2 (FPKM). (c) The expression clustering heatmap of cell wall-related genes between Col-0 and mus-3 mul-1. These
genes were selected from the data shown in (b). (d) The transcriptional levels of cell wall-related genes are down-regulated in mus-3 mul-1 compared to
Col-0. (e) The transcriptional levels of several cell wall remodeling genes that have been reported in the literature are decreased in mus-3 mul-1. Total RNA

extracted from 7-d-old seedling roots of Col-0 and mus-3 mul-1 was used for gRT-PCR analyses. Three biological replicates for RNA sequencing were
conducted for Col-0 and mus-3 mul-1. Data shown represent average and SD (n = 3). Student's t-test was carried out to test whether the data are
significantly different between mus-3 mul-1 and Col-0 (*** , P<0.001; **, P<0.01; *, P<0.05).

encodes a previously described protein named MUS. MUS pro-
tein was identified in stomata. The mus mutants show a stom-
atal bilateral asymmetry phenotype. Since our GUS staining
data indicated that MUS is predominantly expressed in lateral
root primordia and weakly expressed in primary roots (Fig. la—
k), we proposed that MUS may also have a role in mediating
lateral root development. To test this assumption, we isolated
two independent T-DNA insertional lines for MUS, named
mus-3 and mus-4, and analyzed their possible defective pheno-
types, especially in primary and lateral roots. Both alleles dis-
played a stomatal defect similar to what was reported previously
(Keerthisinghe er al., 2015), but they did not show any lateral
root defects (Figs S3, S9, see later). We believed that failing to
identify lateral root defects could be caused by functional

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust

redundancy of MUS with its paralogs. Phylogenic analysis indi-
cated that MUS is a member of LRR-RLK subfamily VII which
consists of 10 total members (Fig. S1). We named its most
closely related protein as MUSTACHES-LIKE (MUL). GUS
staining analysis using transgenic plants carrying pMUL::GUS
indicated that MUL promoter activity can be strongly detected
in the vascular tissues of primary roots, stems, leaves, and areas
where lateral root primordium initiates (Fig. 11-v). Detailed
protein localization analysis in transgenic plants carrying
PMUS::MUS-YFP and pMUL::MUL-YFP further confirmed
that these proteins are indeed localized in the lateral root pri-
mordia. The overlapped expression patterns in lateral root pri-
mordia further suggest that the two LRR-RLKs may
redundantly regulate lateral root growth and development. Our

New Phytologist (2020) 227: 1157-1173
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Fig. 9 A hypothetical model showing the roles of MUS and MUL in
regulating lateral root development at stage I. Auxin can enhance the
expression levels of MUS and MUL in primary and lateral roots. The
regulation is largely dependent on ARF7 and ARF19. MUS and MUL, two
kinase-inactive RLKs, can be phosphorylated by another unknown kinase
in planta and control lateral root development at an early development
stage through cell wall synthesis and remodeling. Diagram represents the
early development of lateral root primordia in Col-0. Cell division is
delayed due to impaired cell wall biosynthesis and remodeling at stage | of
the lateral root development in mus-3 mul-1. In addition, more stage |
cells are required for the double mutant before entering to stage Il. These
two defects lead to the retention of lateral root primordia at stage I in the
double mutant.

detailed genetic and cell biology analyses suggested that MUS
and MUL regulate lateral root development at stage I.

Our results showed that MUS and MUL are kinase-inactive
receptor kinases, which can be phosphorylated by an unknown
kinase in planta and transmit signals to regulate early lateral root
development (Figs 7, 9). Our analyses confirmed that the kinase
activity of MUS is dispensable for the function of MUS in lateral

New Phytologist (2020) 227: 1157-1173
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root development. In Arabidopsis thaliana, sequence analysis
found that nearly 20% of the RLKSs are not conserved in their
catalytic kinase domains, which were predicted to be kinase-inac-
tive RLKs (Castells & Casacuberta, 2007). These kinase-inactive
RLKs are also important in signal transduction and may act as
scaffolds by interacting with other kinases (Kroiher ¢t a/., 2001).
For example, RECEPTOR DEAD KINASE1 (RDK1) is a
kinase-dead RLK, and its kinase activity is not required for ABA-
mediated early seedling development (Kumar ez al., 2017). The
Arabidopsis thaliana CRINKLY4 RELATED 2 (AtCRR2) is a
homolog of ACR4 and has no catalytic kinase activity. However,
AtCRR2 could be phosphorylated by ACR4 in vitro, which indi-
cates that AtCRR2 might act as heterodimer with the kinase-ac-
tive ACR4 to regulate ACR4-mediated seed coat signaling (Cao
et al., 2005). STRUBBELIG (SUB) is also a kinase-inactive
receptor kinase which plays an indispensable role in regulating
root epidermal patterning (Chevalier ez 4/, 2005). To understand
the detailed molecular mechanisms of MUS and MUL in regulat-
ing lateral root development will rely on the identification of an
assumed kinase which can phosphorylate MUS and MUL in
planta. Future genetic and proteomic approaches can be used to
find such an active kinase.

Interestingly, MUS shows a polar localization in the primary
and lateral root cells (Fig. 5a—0). This localization is similar to
the polar distribution of an auxin efflux transporter PIN1, which
has been reported to regulate lateral root development. PINI
expression can be detected in the vascular organization of primary
roots, the lateral root founder cells and lateral root primordia
cells (Omelyanchuk ez al., 2016). The polar localization of PIN1
determines the direction of auxin transport, leading to gradient
distribution of auxin (Blilou ez /., 2005). Accumulation of auxin
in lateral root founder cells can promote the formation of lateral
root primordia (Benkova ez /., 2003). Similar polar localization
and similar biological function at lateral root development sug-
gest that MUS and MUL may interact with PIN1. We therefore
examined the protein level and localization of PINI in lateral
root primordia of mus-3 mul-1. Our preliminary results indicated
that the localization and protein level of PIN1 in lateral root pri-
mordia were not affected in mus-3 mul-1 (Fig. S8). However,
exogenous application of auxin could significantly enhance the
expression of MUS in the early stages of lateral root development,
which is dependent on the functions of ARF7 and ARFI19
(Fig. 6). These data suggest that MUS and MUL are downstream
components of auxin signaling pathway to regulate lateral root
development. Whether MUS and MUL interact with PIN1
in vivo needs to be investigated in the future. It is worth noting
that another member in the LRR VII subfamily,
INFLORESCENCE AND ROOT APICES RECEPTOR
KINASE (IRK), also shows polar distribution in the endodermis
of Arabidopsis primary roots (Campos et al., 2020). Whether
additional members in this subfamily show polar localization is
another interesting question to be explored.

RNA-seq data and qRT-PCR analyses showed the transcrip-
tional levels of some cell wall synthesis and remodeling genes in
mus-3 mul-1 were down-regulated compared to Col-0 (Fig. 8).
These data suggest that MUS and MUL control early lateral root

© 2020 The Authors
New Phytologist © 2020 New Phytologist Trust



New
Phytologist

development likely via regulating cell wall synthesis and remodel-
ing. It is possible that the cell division at stage I of mus-3 mul-1 is
delayed due to the cell wall biosynthesis defects. MUS localiza-
tion analysis suggests that MUS is mainly accumulated at newly
formed cell plates after the first few anticlinal cell divisions at
stage 1 of lateral root primordium development (Fig. 51-0). The
observation that MUS is mainly accumulated at the newly
formed cell plate during stage I is consistent with the RNA-seq
results, both of which suggest that MUS and MUL may function
in cell wall biosynthesis and remodeling at the early stages of lat-
eral root development.

MUS and MUL may regulate microtubule arrangement. A
previous report suggested that a loss-of-function mutant of MUS
showed an altered stomatal bilateral symmetry phenotype due to
defects in polarity growth and the radial arrangement of micro-
tubules (Keerthisinghe ez @/, 2015). We reinvestigated this result
with our mutants. FM4-64 stained true leaves from 7-d-old
seedlings were photographed using confocal fluorescence
microscopy. Stomata of Col-0 and mu/were bilaterally symmetri-
cal, while stomata of mus-3 and mus-3 mul-1 display impaired
bilateral symmetry (Fig. S9). These results are consistent with the
observation from the previous report (Keerthisinghe et 2/, 2015).
In addition, the polar growth of microtubules affects cytoskeleton
remodeling of pericycle and endodermis cells, which is required
for the asymmetric expansion of founder cells when lateral root
initiation occurs (Vilches Barro ez al, 2019). Thus, MUS and
MUL may influence the early development of lateral root pri-
mordia at stage I partially through regulating the polar growth of
microtubules. This issue also needs to be clarified in the future.

In summary, we proved MUS and MUL are two RLKs regu-
lating early development of lateral root primordia. We propose
that during lateral root primordium development, auxin can be
accumulated in the center cells at stage I, which can upregulate
the expression of MUS and MUL. As a result, cell division can be
accelerated partially due to enhanced cell wall biosynthesis and
remodeling. At the meantime, MUS and MUL also can promote
the first periclinal cell division, allowing lateral root primordium
to proceed into stage II (Fig. 9). Lateral roots are extremely criti-
cal for the entire architecture of the root system. Identification of
RLKs in regulating lateral root initiation and development will
help us to understand how environmental and developmental
cures play significant roles in root system formation.

Data availability

Sequence data from this article can be found in The Arabidopsis
Information Resource (http://www.arabidopsis.org/). Accession
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(At5G20730), ARFI19 (At1G19220), CLVI (Ac1G75820),
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Fig. S1 Phylogenetic analysis of LRR-RLKs from subfamily VIL.

Fig. S2 The expression of MUS cannot be detected in the aerial
parts of Arabidopsis seedlings, while the expression of MUL can
be detected in the vasculature of the aerial parts.

Fig. 83 Single mutant mus-3 or mul-1 shows the root and above-
ground phenotypes similar to Col-0.

Fig. S4 The width of lateral root founder cells in Col-0 and mus-
3 mul-1 showed no significant difference before or after the first
asymmetric division.
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Fig. S5 MUS shows a polar localization in primary roots.

Fig. S6 The arf7-1 arfl9-1 double mutant shows a defective lat-
eral root phenotype.

Fig. S7 Auxin can upregulate the expression level of MUS in
roots.

Fig. S8 Protein levels and localization of an auxin efflux trans-
porter PIN1 are similar in Col-0 and mus-3 mul-1.

Fig. 89 MUS regulates stomatal bilateral symmetry and morpho-

genesis.
Table S1 Primers used in this study.

Table S2 Differentially expressed genes with fold change >2,
P<0.001 in roots of Col-0 and mus-3 mul-1.
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